We report the observation of symmetric fission in doubly charged Fe-S cluster anions, Fe 4 S 4 X 4 2ÿ ! 2Fe 2 S 2 X 2 ÿ (X Cl; Br), owing to both Coulomb repulsion and antiferromagnetic coupling. Photoelectron spectroscopy shows that both the parent and the fission fragments have similar electronic structures and confirms the inverted energy schemes due to the strong spin polarization of the Fe 3d levels. The current observation provides direct confirmation for the unusual spin couplings in the Fe 4 S 4 X 4 2ÿ clusters, which contain two valent-delocalized and ferromagnetically coupled Fe 2 S 2 subunits. DOI: 10.1103/PhysRevLett.89.163401 PACS numbers: 36.40.Cg, 36.40.Qv Fe-S clusters, in particular, the cubelike Fe 4 S 4 , are ubiquitous in biological systems as active centers in electron transfer proteins [1] [2] [3] [4] [5] or as an integral part of the complex catalytic machinery as in hydrogenases and nitrogenases [6 -9]. Understanding the structural and electronic properties of the Fe-S clusters and how they are influenced by the protein environments can provide crucial insight into the functionalities of the Fe-S proteins. Synthetic analog complexes have been extremely important to elucidate the structural, electronic, magnetic, and redox properties of Fe-S proteins [1] [2] [3] [4] . Various spectroscopic techniques and theoretical methods have been used to investigate the magnetic and electronic structures of the Fe-S clusters in both synthetic analogs and proteins in the condensed phase [1-4,10 -14].
Fe-S clusters, in particular, the cubelike Fe 4 S 4 , are ubiquitous in biological systems as active centers in electron transfer proteins [1] [2] [3] [4] [5] or as an integral part of the complex catalytic machinery as in hydrogenases and nitrogenases [6 -9] . Understanding the structural and electronic properties of the Fe-S clusters and how they are influenced by the protein environments can provide crucial insight into the functionalities of the Fe-S proteins. Synthetic analog complexes have been extremely important to elucidate the structural, electronic, magnetic, and redox properties of Fe-S proteins [1] [2] [3] [4] . Various spectroscopic techniques and theoretical methods have been used to investigate the magnetic and electronic structures of the Fe-S clusters in both synthetic analogs and proteins in the condensed phase [1-4,10 -14] .
We have developed an experimental technique that combines electrospray ionization (ESI) and photoelectron spectroscopy (PES) to investigate multiply charged anions [15, 16] . The ESI technique provides a gentle means to transfer ionic species from solution to the gas phase and is ideally suitable for the study of Fe-S clusters in the gas phase. PES of the gaseous species yields direct information about their electronic structures and intramolecular electrostatic interactions [16] . Figure 1(a) shows the photoelectron spectra obtained for the first time on two doubly charged Fe 4 S 4 X 4 2ÿ (X Cl;Br) analog complexes. The Fe 4 S 4 X 4 2ÿ dianions were produced using ESI, in ambient conditions, of 10 ÿ3 M solutions of the respective Fe 4 S 4 X 4 2ÿ -containing compounds in pure CH 3 CN solvent. Anions produced from the ESI source were transported by a radio-frequency quadruple ion guide into a 3D quadruple ion trap, where ions were accumulated for 0.1 s before being pulsed into the extraction zone of a time-of-flight mass spectrometer [15] . The Fe 4 S 4 X 4 2ÿ species were mass selected and decelerated before being intercepted by a probe laser beam in the photodetachment zone of a magnetic-bottle photoelectron spectrometer. Five different detachment photon energies, 532, 355, 266, 193, and 157 nm, were used in the current study (low photon energy data are not shown). The spectral cutoff at the high binding energy side [ Fig. 1(a) ] is due to the repulsive Coulomb barrier (RCB) that exists universally in multiply charged anions [15] [16] [17] [18] [19] . From the photon-energy-dependent PES data, we were able to estimate the RCB, which is a measure of the intracluster Coulomb repulsion for each dianion: 2.1 and 2.0 eV for the Cl and Br complexes, respectively. Surprisingly, we observed fragmentation products, Fe 2 S 2 X 2 ÿ , exactly half of the parents under certain experimental conditions, where collision-induced dissociation (CID) occurs during the ion transport between the ESI source and the ion trap. Figure 1 PES data of the two Fe 2 S 2 X 2 ÿ daughter anions, obtained from ESI of Fe 4 S 4 X 4 2ÿ samples in a dry nitrogen atmosphere and by operating the instrument with a 2 -5 V bias between the ion guide and the ion trap to induce CID [15] . The daughter anions both have much higher electron binding energies because they are now singly charged and lack the intracluster Coulomb repulsion present in the parent dianions. But the spectral features are very similar to the parent in each case, suggesting that the daughter anions and the parent dianions have similar electronic structures as indicated in Fig. 1(b) .
Even more remarkably, we confirmed that the Fe 2 S 2 X 2 ÿ species were, in fact, due to a symmetric fission of the parents, Fe 4 S 4 X 4 2ÿ ! 2Fe 2 S 2 X 2 ÿ . Massselected CID experiments (Fig. 2) show that for Fe 4 S 4 Cl 4 2ÿ and Fe 4 S 4 Br 4 2ÿ the fission channel is the only fragmentation path. These mass-selected CID experiments were performed on a commercial LCQ (Finnigan, San Jose, CA) electrospray/quadrupole ion-trap mass spectrometer [20] . The anions of interest were first isolated in the ion trap; an ac voltage was then applied to the end caps of the ion trap for 30 ms to drive collisions of the isolated anions with the background gas (10 ÿ4 Torr N 2 ). The contents of the ion trap were then analyzed to detect CID products. A single isotopmer could be cleanly isolated and the CID products were identified unambiguously from their isotope distributions.
The symmetric fission in Fe 4 S 4 X 4 2ÿ was totally unexpected, because it involves the breaking of four strong Fe-S bonds. Why is it possible among so many other possible fragmentation channels, for example, the loss of one ligand, X? First of all, the intracluster Coulomb repulsion must play a critical role in the fission process, analogous to that in atomic nuclei [21] or multiply ionized metal clusters [22, 23] . As mentioned above, the RCB for removing an electron in the two dianions is 2 eV, which is a measure of the magnitude of the intracluster Coulomb repulsion [17] 
Further insight is provided by the PES data ( Fig. 1) , -5] . Broken-symmetry density functional theory (DFT) methods have been highly successful in treating the electronic structures of these clusters with weakly coupled high spin centers [12 -14] . Figure 3 displays a schematic diagram of the molecular orbital energy levels obtained from the broken-symmetry DFT calculations [14] . As shown in Fig. 3(a) , the Fe 4 S 4 2 core basically contains two valent-delocalized, ferromagnetically coupled Fe 2 S 2 sublayers, which in turn are antiferromagnetically coupled to give the low spin state. There is a large spin polarization of the Fe 3d levels with the majority spin states stabilized by 4-5 eV. On each Fe 2 S 2 sublayer, there are ten majority spins and one minority spin. The S3p lone pairs and the Fe-S-based orbitals are spaced in between the majority and minority spin levels of the Fe 3d, resulting in the so-called inverted level scheme. As labeled in Fig. 1(a) and illustrated in Fig. 3(a) , the PES data are in excellent qualitative agreement with this energy scheme, providing yet the most direct confirmation of the validity of the spin couplings and electronic structures of the Fe 4 S 4 X 4 2ÿ clusters, as obtained from the broken-symmetry DFT calculations [13, 14] . Thus, the Fe 4 S 4 X 4 2ÿ clusters can be viewed as two ferromagnets aligned oppositely, but held together by the four strong Fe-S bonds. Upon symmetric fission, the Fe 2 S 2 X 2 ÿ daughter ions again exhibit antiferromagnetic coupling [ Fig. 3(b) ] [12] , giving rise to an inverted energy scheme very similar to the parent dianion. Our PES data of the Fe 2 S 2 X 2 ÿ ions are also in excellent qualitative accord with this energy scheme [ Fig. 1(b) ]. Hence, the antiferromagnetic coupling not only plays a critical role in the symmetric fission, but also provides the fundamental reason why the parent and daughter anions both exhibit similar electronic structures.
To further confirm the above interpretation, we carried out a preliminary theoretical calculation on the energetics for the symmetric fission of Fe 4 S 4 Cl 4 2ÿ . The geometry optimizations of the iron-sulfur clusters were performed using the broken-symmetry DFT method with Becke's three-parameter hybrid exchange functional, the B3LYP correlation functional [24] , and the 6-31G basis set [25] . The calculated energies were refined at B3LYP= 6-31 S G ==B3YLP=6-31G , where sp-type diffusion functions were added to the 6-31G basis set of the sulfur atoms [6-31 S G ] [25] . All calculations were performed using the NWChem program package [26] .
As shown in Fig. 4 , there are two possible symmetric fission channels with either low spin or high spin Fe 2 S 2 Cl 2 ÿ daughter ions. Our calculations suggest that the low spin products are more favorable by about 1.2 eV, consistent with our PES data [ Fig. 3(b) ] and previous calculations on Fe 2 S 2 model complexes [12 -14] . The low spin fission channel is almost thermoneutral with an endothermicity of only 0.09 eV, whereas the high spin fission channel has a much higher endothermicity of 1.26 eV. The average Fe-S bond energy in the Fe 4 S 4 2 cubane core was estimated to be 2 eV [27] . Thus, about 8 eV energy would be needed for the symmetric fission, which involves the breaking of four Fe-S bonds. The 2 eV Coulomb energy and the 1.2 eV energy due to the antiferromagnetic coupling account for almost half of the energy required for the symmetric fission. The remaining endothermicity is recovered from the stronger Fe-S bonds in the Fe 2 S 2 daughter anions relative to that in the parent [27] . The near thermoneutrality for the symmetric fission of Fe 4 S 4 Cl 4 2ÿ to two antiferromagnetic Fe 2 S 2 Cl 2 ÿ is consistent with our observation that the electron loss channel for the two halogen-ligated complexes is not competitive to the fission channel ( 2ÿ is almost thermoneutral, additional energy acquired during the CID is needed to overcome the fission barrier, analogous to fissions in atomic nuclei or metal clusters [21] [22] [23] . However, fission in atomic nuclei or metal clusters is dominated by magic numbers, i.e., certain unusually stable fragments, and symmetric fission is very rarely observed [22, 23] . The symmetric fission in Fe 4 S 4 X 4 2ÿ is not only due to the intracluster Coulomb repulsion, but also due to the antiferromagnetic coupling in both the parent and daughter anions. The two combined effects lead to the high fissility of the Fe 4 S 4 X 4 2ÿ dianions with no other fragmentation channels observed. The current observation of the symmetric fission and the similarity between the electronic structures of the daughter Fe 2 S 2 X 2 ÿ and the parent Fe 4 S 4 X 4 2ÿ proved unequivocally the validity of the broken-symmetry DFT treatment of the Fe-S clusters, providing direct evidence about the spin couplings and the inverted energy schemes within these cubelike clusters [13, 14] . Finally, solution phase (redox) interconversion of fFe 4 S 4 g and fFe 2 S 2 g assemblies may well involve related fission or fusion chemistry with reactive Fe 2 S 2 X 2 ÿ intermediates [1] [2] [3] [4] , now detected for the first time in the gas phase experiments.
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